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ABSTRACT
A  S tu d y  o f  M o le c u la r  G a s  A sso c ia te d  w ith  
th e  H H 2 4  O p tica l Je ts
Lifang Ma
The HH24 complex have been mapped in ^ C O  J=3-2 emission at 14" resolution, 
using the 15m James Clerk Maxwell Telescope ( JCMT ) on M anna Kea, Hawaii. The 
map in ’^CO J=3-2 shows complicated morphology with at least tw o outflows emanating 
from the map center. A blueshifted molecular lobe found in the northeastern part o f the 
map aligns well with the optically detected flow HH24G, while near the map center the 
•2C0 redshiffed flow is coincident with the shocked H2 region and the optically detected 
moving gas HH24A. The spatial coincidences o f  molecular outflows and optical 
outflows suggest that the tw o phenomena may physically associated. Analysis o f the data 
shows that the molecular outflow is asymmetric, with the blueshifted flow having 5 times 
more mass and momentum than the redshiffed flow. The momentum flux of the 
blueshifted outflow which coincides with HH24G is found to be one order o f magnitude 
larger than the momentum o f  the optical jet. The result implies that the optical jet might 
be incapable o f  driving the molecular outflow. However, there are large uncertainty in 
estimates o f momentum flux for both optical je t and molecular outflow .
IV
LIST OF TABLES
Table I Positions and Kinematic D ata for H H 2 4 ________________________________23
Table II O bservational P a ra m e te rs______________________________________________ 26
T able III Excitation T em peratu res at th e  6  Selected P o s i t io n s _____________________ 57
Table IV Physical P aram eters o f  O utflow s________________________________________62
Table V C haracteristics o f  O utflow s 64
LIST OF FIGURES
Figure 1 M aps o f  CO Em ission from  Four M olecular F low s w ith DitFering Spatial
M orphology_____________________________   3
Figure 2 M om entum  flux vs. C entrai S ource Lum inosity and M echanical
Lum inosity vs. Central S ource L um inosity______________________________ 6
Figure 3 C O  J= 2 -l M aps o f  H erbig-H aro O bjects in the H H 7-11/SV S13 C om plex 9
Figure 4 Schem atic D iagram  o f  the  X -C elerato r P ro toste lla r W ind M odel__________12
Figure 5 Schem atic S tructu re  o f  a P ro toste llar A ccretion  D isk
W ind M odel________________________________________  14
Figure 6  Large-scale D istribution o f  th e  M olecular C louds in O r io n ______________ 17
Figure 7 T he L ocation o f  H H 24 C om plex in O rion  B _____________________________ 18
Figure 8  An O verview  o f  th e  [S II] C C D  Im age in the  H H 24 R eg io n ______________ 2 0
Figure 9 A 254  Spectra  l^C O  J= 3-2  M a p ________________________________________ 2 7
Figure 10 ^^C0J=2-1 and I^CO  J= 2 -l S pectra  at 6  Selected P o sitio n s____________ 28
Figure 11 Selected ^^CO J=3-2, J= 2 -l and J= 2 -l S p e c tr a __________________ 31
Figure 12 Selected ^^CO J=3-2, J= 2 -l and *^C 0 J= 2 -l S p e c tr a ___________________32
Figure 13 T he L arge Scale C O  C o n to u r M ap in the H H 24-26  R egion______________ 33
Figure 14 C ontour M aps o f  the In tegrated  Intensity  in B lueshifted and
Redshifled E m is s io n __________________________________________________ 34
Figure 15 Channel M a p s _________________________________________________________ 39
Figure 16 C on tou r M ap o f  th e  R edshifled  Em ission O verlaid on an
[SII] C CD  Im age______________________________________________________4 5
Figure 17 C ontour M ap o f  th e  B lueshifted E m ission (from  2  to  5 km  s'^)
Overlaid on  an [S II] C C D  I m a g e ________________________________  4 6
Figure 18 C on tou r M ap o f  th e  B lueshifted Em ission (from  -4  to  8  km  s '! )  O verlaid
on an  [SII] C C D  Im ag e  _____________________________________________ 47
VI
Figure 19 T he ^^CO/^^CO Intensity R atio  vs V e lo c ity ___________________________ 50
Figure 20 (a); T he T heoretical Ratio o f  T r ( 12)/T k(2 U vs. Tcx and (b ): The Ratio
TR(32)/Tr (21) as a Function  o f  Tcx and O ptical D epth  t ________________ 54
Figure 21 The M ain B eam  T em peratu re  R atio  vs V e lo c ity ________________________56
Figure 22  M odels o f  a  Conical B ipolar O u tf lo w ___________________________________ 6 8
Figure 23 A Schem atic D iagram  o f  the  Paraboloidal O utflow  M o d e l_______________ 69
I. Introduction
1. M o lecu la r o u tflo w s  an d  th e ir  a sso c ia tio n  w ith  o p tica l o u tf lo w s
It is now accepted generally that young stellar objects ( YSOs ) o f all masses 
undergo a phase o f mass loss during their evolution to  the main sequence, Evidence for 
such mass outflows is provided by a variety o f observed phenomena. Two o f  the most 
striking o f them are highly collimated, fast, optically detected outflows ( also known as 
Herbig-Haro jets and Herbig-Haro objects ) and less well collimated, slower, molecular 
outflows detected at mm/submm wavelengths. It has long been believed that the two 
types o f  flows must be related. There is, however, no agreement on whether they are 
different manifestations o f  winds emerging from the central source or whether the small- 
scale jets are powering the large-scale molecular outflows. The argument has been 
concentrated mostly on whether or not the optical jet has enough momentum to drive the 
molecular outflows. Moreover, although a spatial overlap o f molecular outflows and HH 
objects is already striking, only a limited number o f  molecular outflows have been found 
around HH jets because o f various observational selection effects. In this thesis we 
present ^C O  J=2-l, J=3-2 and ’^CO J=2-l molecular observations towards the HH24
complex. The primary goal o f this study is to carry out a search for the connecting 
evidence between these two types o f  flows. Some salient observational features o f  
molecular outflows, their relationship to  optical outflows, and the driving mechanism for 
the molecular outflows are summarized below.
a). Observational properties o f  outflows
Since the  detection o f  b road  line w ings o f  “C O  in the core o f  the O rion A 
m olecular cloud ( Z uckerm an et al. 1976. Kvvan et al 1976 ), it has been realized that the 
high velocities o f  '^C O  are a result o f  outflow  m otions caused by the energy release from 
deeply em bedded objects. This realization is based on the fundam ental observational 
properties o f  the  m olecular flows. T he bipolar structure , the high velocities, the large 
spatial extent, and the large m ass cannot be explained by collapse, ro tation  or turbulent 
m otion ( Bally & L ada 1983 ). In fact, it has been suggested  that a star cannot form 
w ithout ou tflow  because they  m ay provide the  only m eans fo r a collapsing and rotating 
object to  shed sufficient angular m om entum  to  g row  to  stellar dim ensions { Shu et al. 
1987 ). So far nearly 2 0 0  m olecu lar ou tflow s have been found by their broad mm- 
w avelength  *^C0 em ission lines ( Bally and Lane 1991 ). M any o f  the outflow s share a 
num ber o f  com m on characteristics, w hich provide im portant clues to , and constrain ts on, 
th e  m echanism s w hich drive th e  outflow s. T he m ost rem arkable feature o f  the m olecular 
ou tflow s is their tendency to  b e  b ipolar, w ith redshifled gas ( red lobe ) located on one 
side o f  the  source and blueshifed gas ( b lue lobe ) located  on  the o ther ( Fig. 1 ). It has 
been suggested  that m ost m aterial in th e  lobe is confined to  a relatively thin , sw ept-up 
shell since th e  observations show  a  degree  o f  lim b-brightening ( Snell et al. 1984, 
M oriarity-Schieven & Snell 1988, M oriarity-Schieven et al. 1989 ) H ow ever, the 
observational d a ta  show  considerab le variety  fo r different sources. It is accepted  generally 
tha t the  lobes contain regions o f  low  density , but they  are not com pletely em pty in general. 






—  Red FLOW MORPHOLOGIES
Figure 1 Maps o f  ^C O  emission from four molecular flows with differing spatial 
morphology taken from Lada ( 1985 ). NGC2071 is a highly collimated bipolar flow 
while AFGL490 is a poorly collimated bipolar flow, S I40 is an example o f a  Isotropic 
flow while NGC2264 is a monopolar source in which only redshiied molecular emission is 
observed.
to  over 10 ( highly collim ated ). A statistical study show s that the m ajority o f  bipolar 
flows have a m odera te  degree o f  collim ation ( Fukui et al. 1991 ).
Typical m olecular outflow  m asses range from  0 .1  -  170 M o  ( Fukui et al 1991 ). 
As can b e  seen, m any outflow s have a large excess o f  ou tflow  m ass over stellar mass. The 
large m ass o f  m olecular outflow  and the  fact that the  velocity field o f  the m olecular 
outflow  is clearly  distinct from  that o f  the am bient cloud indicate the m olecular Hows are 
primarily m ade up o f  sw ept up am bient m aterials. T he large m ass also indicates that 
outflow s are a very energetic phenom enon, Typical m olecular ou tflow  m om enta and 
kinetic energies range from  0 .1  ~  1 0 0 0  M q  krn s"' and lo'*^ ~  lO"*̂  erg, respectively.
Therefore, m olecular ou tflow  phenom ena m ust have an im portant effect on their 
surrounding circum stellar m aterial and on the fu tu re  developm ent o f  star form ation in 
clouds that they occupy.
T he fact that m olecular ou tflow s are m ore frequently associated with highly 
em bedded infrared sources than  w ith  optically visible Y SO s suggest that the ou tflow  
phase occurs very early  in the life o f  a young  s ta r and may coincide with the main 
accretion phase o f  th e  p ro toste llar objects, T h e  dynam ical age ( defined as td y n  ) o f  a  
m olecular ou tflow  is obtained by dividing the  ou tflow  physical size ( typically 0.04 - 4 pc ) 
by the characteristic velocity  ( typically 3 - 150 km  s'* ). Recent studies by M argulis and
Snell ( 1989 ), K oo  ( 1990 ), Bachiller et al. ( 1 9 9 1 ) ,  and M itchell and H asegaw a ( 1991 ) 
have found several extrem ely high velocity  ou tflow s w ith the linewidths ranging from  1 0 0
km s' to over 300 km s' . Depending on the choice o f the velocity , the typical dynamical 
ages o f molecular outflows are found to  be in the range o f I x 10  ̂ - 2 x 10  ̂ years. On the 
assumption that the apparent dynamical time scale represents the true age o f the flow, the 
dynamical ages have been used in analyses o f momentum injection rate ( =MV/t(^n, where 
M is the outflow mass, V is the outflow characteristic velocity ) and the mechanical 
luminosity ( -MV^/Ztj^n ) Bally and Lada ( 1983 ), Lada ( 1985 ) and Mozurkewich et
al. ( 1986 ) found that, on average, the momentum flux is tw o or three orders o f 
magnitude greater than what can be provided by radiation pressure ( =L* /c, where L* is 
the radiation luminosity o f the central source ). At the same time, the mechanical 
luminosity is typically several orders o f magnitude less than the radiative luminosity. 
These properties imply that the outflows can not be accelerated by the radiation pressure 
alone. On the other hand , only a small fraction o f  the radiated power needs to be 
converted into mechanical energy. The momentum flux and mechanical luminosity as a 
function o f  bolometric luminosity o f  the source are shown in Figure 2. The recent 
statistical study by Parker et al. ( 1991 ) suggests that the outflow duration is an order o f  
magnitude greater than commonly assumed, and comparable to  the lifetime o f  the YSOs ( 
~ 2 x l 0 ^ y r ) .  Such large ages may provide a way to alleviate the momentum supply 
problem.
The optical outflows are traced by HH jets and HH objects. HH objects come in 
several forms. A particularly interesting subset is formed by the highly collimated HH jets 
strongly interacting with the ambient gas. This class o f HH objects often resemble bow
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shocks where ambient material is accelerated in the direction o f the jet while at an inner 
shock the jet material is decelerated. A HH jet is defined as an elongated, highly 
collimated, knotty structure with an HH-like spectrum ( Mundt 1988 ). Since the 
discovery o f the first HH jets ( Dopita et al. 1982, Mundt et al. 1983,1984 ), 30 jets have 
been reported in literature ( Mundt, 1993 ). A common feature o f all known jets are their 
knotty structure with bow shock-like HH objects or bright knots marking the end o f a jet. 
Usually the bow shock HH objects display higher excitation lines than those o f  the HH 
jets. The knots provide a means to  measure the proper motion o f jets. Studies show that 
typical proper motions are in the range 200 to  300 km s’*, which is comparable with the
radial velocity ( 100 -2 0 0  km s ' ). The proper motion vectors directed away from the 
source provide the evidence that they are a manifestation o f  mass outflow phenomena.
Approximately 50 % o f  the flows traced by HH objects and jets are bipolar ( 
Edward et al. 1991 ), O f the remainder, normally only the blueshifted component is seen. 
This is probably due to  the redshifled component being buried systematically deeper in 
molecular clouds, hidden from view by large extinction. The opening angles o f the jets are 
in general small, ranging fl-om 5 to  2 0  . The opening angle o f  some o f  the most highly
collimated flows ( e.g. HH 30 jet ) are as small as 1 .
HH objects and jets are found to  be associated with both embedded sources and 
optically visible pre-main-sequence stars. Edward et al. ( 1991 ) suggested these may 
indicate that the sources which show both optical and molecular outflow phenomena may
be the transition  objects betw een the em bedded and optically visible phases. Typical 
length fo r th e  optical outflow s is 0 ,0 1  - 1 .0 0  pc and a typical dynamical time is about i o ’
yr. The dynam ical tim e o f  optical outflow s is found to  b e  smaller by at least one o rd er o f  
m agnitude than  th e  corresponding value for m olecular outflow s. If the dynamical tim e o f  
the m olecular ou tflow  represents the to tal tim e that the source has been in the outflow  
phase then  this suggests that optical outflow  may be an interm ittent phenom enon ( 
E dw ards et al. 1991 ). Indeed, interm ittence is indicated by several observations ( R eiurth 
1989, H artigan et al, 1990, M itchell et al 1991 ),
D espite  the  incom pleteness o f  searches and various selection effects, it is already 
clear th a t th e  m olecular and optical outflow s are associated phenom ena. T he direct 
evidence that indicates th e  connection betw een the tw o  types o f  flows is their similar 
overall flow  directions. G ood  exam ples include L1S51/IRSS ( Snell et al. 1985, 
M oriarity-Schieven &  Snell 1988, Fridlund et al. 1989 ), the  H H  7 -1 1/SVS13 com plex ( 
Snell &  E dw ards 1981, B.achilter & C ernlcharo  1991 ) (  Fig 3 ), and the H H 46/47 je t 
com plex ( C hem in  &  M asson 1991 ). In m ost cases, th e  HH  objects o r je ts  ù ie located 
along the  axis o f  the blue lobe o f  m olecular ou tflow s w hich usually b tfers less extinction 
than  th e  red  lobe.
B esides the  prelim inary evidence m entioned above, the  energetics o f  the  tw o  types 
o f  ou tflow s are seen to  scale w ith the bolom etric lum inosity o f  the source in the  sam e way. 
Levreault ( 1988 ) has show n that the  m ass loss ra te  in the w ind driving a m olecular 
ou tflow  scale w ith  th e  source bolom etric lum inosity roughly  as T he sam e scaling














Figure 3, CO J=2-l maps in the HH7-11/SVS13 complex ( Taken from Bachiller and 
Cemicharo 1991 ). The blueshifted lobe ( solid ) is closely associated with the Herbig- 
Haro objects HH7-11 mostly along the axis o f  the molecular outflow.
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law w ith source luminosity is found fo r the m ass loss ra te from  je t ( Ray et al 1991 ), 
S ince the m ass loss rates o f  b o th  je ts  and m olecular flow s driving w inds scale roughly with 
the  sam e pow er o f  , it is likely that the je t is at least a com ponent o f  the initial wind 
from  the driving source. H ow ever, as pointed  out by M undt et al. ( 1987 ) and Ray et a l .
( 1990 ), the m ass loss ra tes and the  m om entum  flux in the je ts  are one to  tw o  orders o f  
m agnitude to o  small to  be responsible for m olecular outflow s. T he discrepancies in m ass 
loss ra te and in m om entum  flux betw een  the  je t and the  m olecular flow  have led to  
suggestions tha t the je t can be as perhaps only the  central com ponent o f  a largely unseen 
neutral wind. Such neutral w ind have been observed in the b ipolar flow  source H H 7 -1 1 
by L izano et al. ( 1988 ). H ow ever, based on an analysis o f  recent je t  m odels, R aga ( 
1991 ) found the m ass loss and th e  m om entum  flux to  be, on average, 300 tim es larger 
th an  those  given by M undt et al. ( 1987 ). M oreover, the  revised m olecular flow ages ( 
g reater than  10^ yr. P arker et at. 1991 ) can also help to  rem ove the discrepancy ( 
P adm an & R icher 1993, M asson  &  C hem in 1993 ).
b). W hat drives the  m olecular outflow s ( theoretical m odels ) ?
It is now  generally believed that the  b ipolar m olecular lobes consist m ostly o f  
am bient gas tha t has been sw ept up  by a m uch higher velocity  wind em anating from  the 
central region. O rdinary stellar w inds driven by radiation p ressure have been show n to  be 
inadequate to  account fo r th e  large m om entum  flux that is needed to  drive a  m olecular 
ou tflow  ( see 1.1(a) ). In addition, such an initially iso tropic stellar wind requires tha t the
11
am bient cloud have an anisotropic density-gradient w hich is conducive to  form  " 
interstellar nozzles", in o rder to  explain th e  outflow  collimation. H ow ever such a nozzle 
appears to  have serious stability problem s ( B landford & R ees 1974, D yson 1987 ). 
T herefore, m agnetohydrodynam ic w ind m odels tha t em ploy th e  gravitational energy  o f  
accreted  m aterial o r the ro tational kinetic energy  o f  the  star are com m only favored. T he 
main debate concerns w hether the  w inds orig inates from  the  star, from  th e  disk o r from  
the  boundary  betw een them,
T he physics o f  a centrifugally driven w ind from  a rapidly ro ta ting  m agnetic 
p ro to sta r has been analyzed in a variety  o f  con tex ts by D raine ( 1983 ), by H artm ann and 
M acG regor ( 1982 ), and by Shu and his co llaborators ( 1988 ). The la tter g ro u p  o f  
au thors p roposed  a centrifugal w ind m odel to  explain the different behaviors o f  th e  optical 
je ts  ( called ' ordinary w ind' by  these au tho rs ) and th e  extraordinary  wind. In th is m odel, 
the  ex traordinary  wind is p roduced  by the  " X - ce lerato r m echanism  " ( F ig .4 ). T he w ind 
begins in a band in the high-density pho tospheric  regions at the  p ro toste llar equator. T he 
gas pushed o u t from  th e  x-poin t ( w here  the  centrifugal force balances gravity  ) by th e  
therm al pressure. T he ejected  gas is coupled  to  the  ou tside m agnetic field w hich co ro ta tes  
at the  p ro toste llar angular velocity O * T he g as  is centrifugally accelerated  o u t to  th e  
A l^ ë n  surface ( finishing AlfVén transition  ). A fter th is th e  gas flow s out to  infinity w hile 
undergo ing  m ore graduW collim ation by the to ro idal m agnetic field. T he optical je t 
o rig inates as an  ordinary  stellar w ind near th e  po les o f  the p ro tostar. B ecause o f  th e  











Figure 4 Schematically diagram of the x-celerator protosteller wind model adapted from 
Shu et al. ( 1988 ) Material enters the star from a thin disk, and the wind leaves from two 
narrow equatorial bands lying above and below the inflowing matter. The wind is initially 
launched by the thermal pressure forces. The gas makes a sonic transition near the x-point 
of the effective gravitational potential. The primary acceleration o f the wind occurs 
magnetocentrifugally between the x-point and the AlfVén surface.
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the  disk and because o f  th e  presence o f  a m ore powerftil " extraordinary  w ind " , the  
ordinary wind has a higher intensity than  th a t o f  a norm al star o f  the  sam e spectral type 
and becom es highly collim ated in the direction o f  the  ro tational poles. This m odel can 
explain the predom inantly atom ic wind seen in H H  7-11 by L izano et al ( 1988 ), and  the  
coexistence o f  a  highly collim ated ionized je t w ith  a  m uch less well collim ated neutral 
w ind in a sou rce  like L I SSI. B u t th ere  are still m any assum ptions in th is model. O ne 
apparent difficulty is that observed stars ro ta te  far m ore slowly th an  th e  m odel required.
A different variant o f  the  centrifugally driven wind from  the disk has been 
advocated by a  num ber o f  different groups. Fig. Sa schem atically illum inates the basic 
m echanism  o f  a  disk-driven w ind m odel proposed  by P udritz  e t al ( 1991 ). In this m odel, 
the  m agnetic field lines th read  th e  disk at a radius ro, em erge from  it, and spread  in to  the  
disk co rona  w here the  m agnetic field is nearly force free T he Geld lines behave 
dynam ically som ew hat like rigid w ires w ith the  cold g as  attached. I f  th e  g as  is sufficiently 
cold, then the only fo rces acting upon  it a re  gravity  and the  centrifugal force due to  th e  
K eplerian ro ta tion  o f  the  disk. T he centrifugally driven w ind com m ences from  the  point 
w here the gravitational and  centrifugal forces along th e  m agnetic w ire are in balance. T he 
m agnetic field enforces the  co ro ta tion  o f  th e  acceleration gas w ith  th e  d isk  until th e  gas 
gets to  the  AlfVén point, afte r w hich th e  gas undergoes a collim ation p rocess m uch like 
th a t o f  stellar driven wind The optical je t is said to  orig inate  a t m agnetic focal poin ts 
above and below  the hydrom agnetic disk ( Fig. Sb ). T he disk  m odel appears to  p rovide 
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Figure 5a. Schem atically structure 
o f  a p ro tostellar accretion disk 
wind m odel adap ted  from  Pudritz ( 
1991 ).
F igure 5b. O ptical je ts  orig inate at 
m agnetic focal po in ts in  the  
hydrom agnetic disk w ind taken  
from  G om ez de C astro  and P udritz  
( 1990 ).
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o f  the central source. H ow ever, the  requirem ent fo r the disk m ass and th e  m agnetic field 
in the m odel seem s to o  large,
Historically, m ost theoretical studies have focused  on  the production  o f  w inds and 
je ts  in the contex t o f  star form ation. T h ere  has been very little detailed m odeling o f  th e  
properties o f  m olecular ou tflow  driven by different so rts  o f  w inds and jets. In a  recent 
paper, Shu et al. ( 1991 ) calculated th e  properties o f  a m om entum -conserving o u tflow  in 
th e  form  o f  a shell driven by a w ide -angle w ind. M asson  and  C hem in ( 1992 ) concluded  
th a t m olecular outflow s cannot be driven in  a m om entum -conserving fashion by a  w ide- 
angle stellar w ind, since it tends to  sw eep u p  a large quantity  o f  m aterial a t th e  extrem ities 
o f  lobes. In the  view o f  the  theoretical difficulties o f  driving m olecular flow s w ith  w ide- 
angle w inds, there is an increasing interest in th e  possibility tha t m olecular o u t flow s m ay 
b e  driven only by  collim ated jets. R ecently  m uch w ork  has been d one  on the  p roperties  o f  
th e  je t-driven  m olecular ou tflow  by R aga and  his co llaborato rs ( 1993a, 1993b ) ,  and by 
M asson and C hem in ( 1993, 1994 ). In  th e  m odels, the m olecular outflow  co rresp o n d s to  
am bient gas entrained in a  turbulent fashion created  by the  intem al je t w ork ing  surface, 
ra ther than  simply being pushed fo rw ard  like a  snow plow . U nfortunately, none o f  these  
m odels can be easily tested  w ith currently  available observations.
2. HH24 Background
T he H erbig-H aro objects H H 24 lie a  few  arcm inutes so u th  o f  th e  reflection  nebula
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N G C 2068 in the  Lynds 1630 dark  cloud ( the  O rion B cloud ) in which star form ation has 
been active fo r several million years .
O ne o f  the  closest giant star-form ation com plexes associated with the  O rion 
com plex at a  d istance o f  approxim ately 500 pc ( M addalena et al. 1986 ) ,  the LI 630 cloud 
contains N G C 2064, 2076 2068, 2023, 2024 , and the  H H  objects H H I9  to  H H 27 ( M 78 )
( F igure 6  ). A  2.2 |.im m apping survey to w ard  th e  L I 630 m olecular cloud by Strom , 
S trom  and V rba ( 1976 ) show ed one IR  so u rce  near H H 24, later designated as SSV63. 
Infrared flux m easurem ents by C ohen and S chw artz  ( 1983 ) and C ohen ct al. ( 1984 ) 
indicate a bo lom etric lum inosity  o f  25 L q  for SSV 63. L ater IR  imaging by Lane ( 1989 ) 
and Zealey e t al. ( 1989 ) has show n tha t there  are probably  tw o  additional sources about 
8 " w est and 11.5" northeast o f  SSV 63, w hich w ere  designated as SSV 63W  and SSV 63N E 
by M undt e t al. ( 1991 ). R ecent large-scale CS m apping o f  the  LI 630 cloud in the J = 2- 
1 line o f  C S  by E. L ada et al. ( 1991a ) indicated th a t H H 24 together w ith o ther nearby 
H H  objects is one o f  the  five m ajor dense regions in the L I 630 cloud ( figure 7 ). The 
later near-infrared  2 .2  p m  survey by E  L ada e t al. ( 1991b ) identified four em bedded 
stellar c lusters, each probably  associated  w ith  a  CS "clump" except the H H 24-26 region 
T he reason  w hy the  H H  2 4 -2 6  region has few er infrared sources than the o ther four m ajor 
dense reg ions is still n o t clear.
T he reg ion  around  H H  24-26 has been m apped using several different tracers o f  
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Figure 6 , Outlines o f  large-scale distribution o f  the molecular cloud complexes in Orion ( 
from the ^C O  mapping by Maddalena et al. 1986 ),
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Figure?. Left (a); contcurmap of CO emission forthc Orion B. The area co\’ered by the CS survey is shown. Right (b): Locations of the embedded infrared 
clusters and dense CS cores in the Orion B ( from E. Lada 1991). The location of HH24 is indicated by an arrow
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showed a rather circular, broad plateau o f  H2CO emission distribution with HH24-26 and 
the IR star near the center of this dense region ( hh2 ~ 10“̂ cm'^ ). Strom et al, ( 1974 )
found that the typical visual extinction in the dense region was 10-15 magnitude, much 
greater than the lower limit of 4 magnitudes for the entire L I630 cloud The ammonia ( 
NH3 ) observations by Matthews et al. ( 1983 ) also showed an extended, dense region 
with the peak near HH24. The extent o f  the NH3 emission is somewhat smaller than that 
o f  H2CO and its shape is narrower in the east-west direction, which appeared to  be a disk­
like structure. Very recent work by Gibb et al. ( 1993 ) in HCO+ J=4-3 and CS J=5-4 in 
I4H24-26 region showed that the region appears to  be clumped. Two o f  the six clumps 
are associated with HH24. The observations o f '^CO ( J=2-l ) by Snell and Edwards ( 
1982, hereafter SE82 ) revealed the presence o f  two distinct bipolar outflow systems ( see 
Figure 13 ). One is centered on HH26 with the infrared source SSV59 identified as the 
driving source. The other one is centered roughly 2* south o f HH24 and none o f  the 
known IR sources were identified as the driving source. An additional molecular flow was 
identified in the vicinity o f  an H2O maser ( Haschick et al. 1983 ) by Edwards and Snell (
1984 ), The recent '^CO ( 3=2-1 ) observation by Gibb et al.( 1993 ) gave a slightly 
different picture. The red-shifted lobe o f SE82 centered on HH26 has been resolved into 
two separate outflows. The results suggested tw o parallel bipolar outflows, but there is 
no clue as to the driving source for the outflows.






Figure 8, An overview [SII] CCD image in the HH24 region taken from Mundt ( 1991 ). 
Besides the bipolar jets HH24CE emanating from SSV63 two additional outflows are 
indicated. One arises from SSV63W( dashed line ), while the HH24G flow ( full line ) 
arises fi’om SSV63NE,
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an overview photograph o f the HH24 region in [SII] adapted from Mundt et al. ( 1991 ), 
As can be seen in this figure, HH24 consists of at least six bright knots ( A,B, C, D, E and 
G in the notation o f Jones et al. 1987 ) and perhaps as many as three independent optical 
outflows ( Mundt 1991, see Fig. 8 ). Among them the jets HH24E and HH24C shows the 
most prominent structure and is the best-studied. The radial velocity measurements by 
Solf ( 1987 ) showed that radial velocities o f HH24C and HH24E ( called 'F' by Solf ) are 
nearly equal but have opposite sign ( table I ). Both components are aligned along one 
axis with the SSV63 located on the axis near the midpoint between them. The proper 
motion measurements by Jones et al. ( 1987 ) showed HH24C2 appears to  emanate 
directly from SSV63. Combining a radial and proper motion study o f HH24C2, Jones et 
al. ( 1987 ) deduced that the jet is inclined at an angle o f  33 relative to  the plane o f  the 
sky. HH24A was identified as the position o f the working surface o f the red-shifted jet 
HH24E, where the jet hits a knot o f dense material at the inner edge ( Solf 1987, Jones et 
al. 1987, Mundt et al. 1991 ). A single source o f em ission, interpreted as being due to  
shock excitation o f  material at the working surface o f the jet, is seen in the near infrared 
close to HH24A. Mundt et al. ( 1991 ) found some interesting wispy structures associated 
with each knot o f  HH24C, which appear to represent shocks driven by the jet into its 
ambient environment The second bipolar jet within HH24 connects HH24G and the IR 
source SSV63NE ( Jones et al. 1987, Mundt et al. 1991 ). HH24G, which apparently 
emanates from SSV63NE, represents the blue-shifted jet. The red-shifted counteijet is 
still uncertain. HH24G consists o f  three major knots G l,  G2 and G3. A further study by 
Mundt et al. showed that G l and G2 appear to  contain a complex group o f sub-
2 2
condensations, which indicate that the  internal shock structure in the  je t is very chaotic. 
T he inclination o f  the je t relative to  the plane o f  the sky is unknow n since H H 24G  is too  
faint fo r the  m easurem ent o f  p roper m otion. T he IR  source SSV 63W  appears to  give rise 
to  a  th ird  b ipolar jet traced  by several faint knots ( M undt et al. 1991 ). D ue to  the  
faintness o f  the  knots, no radial velocity  o r proper m otion has been m easured for these 
knots. It should be noted  that no t all em ission knots can be easily explained in term s o f  
the  th ree  b ipolar jets. T he radial velocity  and p roper m otion m easurem ents by S o lf ( 1987 
) and Jones et al. ( 1987 ) are sum m arized in Table I.
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Table I
Positions and Kinematics Data for HH24
Knots Position’’ Radial Velocity Proper Motion’’
a S Vr n.x Py
( 1950) ( km s ’ ) ( arcsec cent’’ )
A S" 43"’ 35 " . 66 -0°11'31",4 47“ -1.4±0,5 0 ,8 1 1 . 0
B 5 43 34.44 -0 11 11.7 -9“ -0 .2 ±0. 2 0.810.2
C2 5 43 34,15 -0 10 56.5 -142“ -6.6±0.7 13.111,3
D 5 43 36.39 -0 11 0.4 60“ 3.5±3.6 0 .81 6 . 2
E 164“
Q1 __ -133“
" Solf ( 1987 ) H,* line with respect to  background velocity = 11 km s’
’’ Jones et al. ( 1987 )
' Heliocentric radial velocity ( Jones et al. 1987 )
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II. Observations
O bservations in '^C O  J=3-2, '^C O  J= 2 -l and '^ . '0  J= 2 -l w ere m ade using the 
15m Jam es C lark M axwell Telescope ( JC M T  ) on  M anna K ea, Hawaii, during a run in 
A ugust 1993 by G.F. M itchell, T  I H asegaw a and the  author.
A  hybrid au tocorrelation  spectrom eter covering a bandw idth o f  250 M H z ( one o f  
its bandw idths ) w ith a spectral resolution  o f  378 kH z ( 0.33 km  s’* ), together w ith a 
single-channel SIS receiver ( B3i which covers a band from  298 to  380 G hz ), w ere 
em ployed fo r '^C O  J=3-2. The receiver tem peratu re  ranged from  18IK to  2 1 SK and the 
system  tem peratu re  from  638K  to  704K. T he sam e spectrom eter backends along w ith a 
single-channel SIS receiver ( A2, cover a  band from  218 to  280 G hz ) w as em ployed for 
’^CO  J= 2 -l and ’^CO J= 2 -l. T he receiver tem peratu re  w as 84K  to  lOOK and the system
tem pera tu re  w as 390K  to  406K. Calibration o f  th e  spectral line as done via cold ( liquid 
n itrogen  ) and am bient loads by using the  standard  chopper wheel m ethod. D ata w ere 
taken  in a  position-sw itching m ode w ith a  reference position 10 ' to  2 0 ' from  the  cen ter o f  
th e  source. M easurem ents o f  N 2071IR  w ere used  to  determ ine th e  half-pow er beam  
w idth  ( H PB W  ) and the  main beam  efficiency ( qm b ) for a  spatially extended source
m uch larger then  the m ain beam. For ’^CO J= 2-l and '^C O  J= 2 -l, the resulting values 
are  HPBW =20" 8 , iimb=0 72. For '^C O  J=3-2, H PBW =I4" 3, nmb=0.53. Line 
intensities are presented as antenna tem peratures ( T a  ) which have been co rrec ted  for
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the atm osphere, am bient tem perature, te lescope losses, and forw ard spillover and 
scattering ( nfss )
T he ’^CO J=3-2  spectra  , obtained a t 254 positions w ith  a  10" spacing are  show n 
in Figure 9, *^C0 J= 2 -l and ' ‘̂ CO J= 2 -l spec tra  w ere tak en  to w ard  6  selected positions 
that show ed particularly broad  wings{ Fig, 1 0  ), T he coord ina tes ( epoch  1950 ) for the  
central position ( A a , AÔ ) =  ( 0 ,0  ) are a  = 5^ 43" '34 .7 ’’, 6  =  -00° 11 TO",
All data  reduction  was carried  o u t using th e  S PE C X  package. Table II 




Transition Frequency A / Beam size’’ nmb“ RMS^
( G h z ) ( km  s*' ) ( arcseconds ) (K )
'^C O  J= 2 -i 230 .5380 0 .407 20.8" 0 .72 0.138
J= 2 -l 220.3987 0 .426 20.8" 0 .72 0.061
J=3-2 345.7960 0.271 14.3" 0.53 0 .204
" V elocity resolution in km  s '
^ H alf-pow er beam  w idth ( H PB W  )
M ain beam  efficiency
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to
Figure 10, J-2-1 and '^CO J==2-l spectra at 6 selected positions. The weaker line
is *^C0 J=2*l. The positions are given as R.A. and DEC, offset ( Aa, AÔ ) in the right 
hand.
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III. Results of the Observations
The high resolution 254 point m ap o f  '^C O  J=3-2  em ission in this region revealed 
a com plex distribution o f  m olecular gas w ith the  tlill velocity  ex ten t o f  the  em ission profile 
ranging from  18 km s'* at the position  ( 40, 40  ) and ( 0 ,0  ) to  6  km  s'* at the  no rtheast 
boundary o f  the map.
T he observations o f  *^C0 J= 2 -l ( Fig. 10 ) show  a peak  velocity  at Vlsr==10,2 
km  s'* and a local standard o f  rest velocity  range from  8.5 to  11.8 km  s'*, W e adop t 
=10.2  km  s'* as the velocity o f  the  "am bient" com ponent o f  this region. This is in g o o d  
agreem ent w ith  th e  resu lts o f  10 km  s'* obtained by  Snell and E dw ard  ( SE82 ) fo r *^C 0 
J = l-0  , II  km  s'* obtained by S o lf ( 1987 ) from  H x and  forbidden lines, and 10.2 km  s'* 
obtained by L ada ( 1974 )  from  H 2 C O  observations. T o  distinguish  the high-velocity and 
low -velocity  portions o f  the profiles, w e define the  inner and o u te r w ings fo r b o th  
redshifted and blueshified em issions by exam ination o f  th e  *^C 0 J= 2 -l and *^C 0 J = 2 -l 
spectra. At any position the boundary betw een inner and o u te r w ings is defined as th e  
largest velocities at w hich the *^C0 em issions can  be detected . Thus, in  the  o u te r w ing , 
*^C0  is detectable but *^C0  is not.
R epresentative spectra  o f  *^C0 J=3-2 obtained  tow ards SSV 63 and in the  vicinity 
o f  SSV 63N E  and SSV 63W  [positions ( 0 , 0  ), ( 10,10 ), an d ( -10 , -10  ), respectively ] a re
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show n in F igure 11. A lso show n are  a '^C O  J= 2 -l spectrum  and a '^C O  J= 2 -l spectrum  
at position  ( 0 ,0  ), The J=3-2  spectrum  at position  ( 0,0 ) is slightly asym m etric, the blue 
w ing being m ore pronounced than  th e  red  w ing at low  velocities T he velocity extent for 
bo th  the blue and red w ings is lim ited to  ±  9 km s"' from  ih e  line center. The J=3-2 
spectra  a t positions ( 10, 10 ) and ( -10, -10 ) are similar to  that at position ( 0,0 ) with a 
to ta l velocity extent o f  14 km  s*'. T he red  w ing is b roader at position  ( -10, -10 ) than at 
position ( 10, 10 ), while the  reverse  is true  for th e  blue wing.
F igure 12 show s '^C O  J= 3-2  spec tra  taken  at positions ( 40 ,40  ), ( 50,50 ), ( 60,60 
) and ( 70 ,70 ) along a line from  SSV 63N E  to  the  north -east th rough  HH24G. The 
feature H H 24G  extends from  ( 40 ,40  ) to  ( 6 0 ,60  ). T he *^C0 blue-shifled emission at the 
positions show s striking corre la tion  w ith the  H H 24G  jet. A  '^C O  J ^ 2 - l  and a ' C O  J= 2 -l 
spectrum  obtained at th e  position  ( 40, 40  ) are also show n in th is figure ( bo ttom  ) The 
spectra  are asym m etric, w ith  very  b ro ad  and prom inent blue wings. At position ( 40,40 ), 
the blue w ing reaches 15 km  s ' from  th e  line cen ter velocity, w hereas the red wing has a 
velocity extent o f  only 5 km  s ' ' .  A t positions ( 50, 50 ), ( 60 , 60 ), and ( 70, 70 ), the
spectra reveal interesting com plexity  w ith  additional em itting com ponents. This 
com plexity m ay be the  result o f  th e  superposition  o f  several velocity  com ponents. B oth 
the line peak  intensity and th e  b lue w ing intensity d ecrease  tow ard  th e  north-east from  the 
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Figure 11. Selected '^CO J=3-2 towards SSV63, in the vicinity o f  SSV63NE and 
SSV63W at positions ( 0,0 ), ( 10,10 ) and ( -10,-10 ), Also shown are a '^CO J=2-l 
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Figure 12. Four "C O  J=3-2 spectra, one '*C 0 J-2-1 spectrum and one "C O  J=2-l spectrum at 
positions ( 40,40 ), ( 50,50 ), ( 60,60 ) and { 70,70 ). The { 40,40 ) position is near a peak in the 
integrated intensity of blueshifted outflow gas which is coincident with the H H 240 jet.
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The large scale *^C0 m apping o f  the H H 24-26  region by SE 82 identified tw o  
possible outflow s. T he spatial coverage o f  th e  '^C O  J=3-2 observations in the  present 
study are shown as a box superposed on the co n to u r m ap o f  SE82 in F igure 13, The 
present higher resolution observations reveal a m ore com plex m orphology  F igure 14 
show s m aps o f  the total integrated  intensity  o f  red-shifled  and blue-shifted gas. T he blue- 
shifted em ission is integrated from  -4 km  s ' '  to  8 km  s ' ' ,  and the  red-sh ifted  em ission is 
in tegrated  from  12 to 20 km  s ' ' .  F rom  the  m aps ( F igure 13 and 14 ) it is clearly seen that 
the  part o f  the single blue-shifted lobe o f  S E 82 near H H 24 has been resolved into m ultiple 
outflow  lobes.
Channel m aps, which show  the  detailed  spatial-velocity  d istributions o f  the  gas, are 
p resented  in F igure 15. Each panel covers a  velocity  w id th  o f  1 km  s ' ' . F o r each velocity  
range the top  figure show s con to u rs only, w hile the  b o ttom  figure includes a  greyscale 
plot. F igure 15 covers a velocity range from  - 4 to  20  km  s ' ' .  In each m ap the  low est 
contour-level has been chosen to  be  no t low er than  3 o (  rm s ) noise level ( l o  = 0 .106  K- 
km  s '' ). F igure 15 a-1 represent the  d istribu tion  o f  th e  blue com ponen t fo r the velocity 
range from  -4  km  s '  to  8 km s ''.  F igure IS m -p  co rrespond  to  the  velocity  range o f  the  
am bient m olecular cloud ( from  8 km  s '' to  12 km  s ' ). T hese m aps are dom inated  by 
em ission ftom  the  am bient m olecular cloud. F igure 15 q-x  show  the  d istribution  o f  th e  red  
com ponent for th e  velocity range from  12 km  s ' ' to  20 km  s ' ' .  F igure IS show s th a t the
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distribution o f  th e  gas w ith the largest velocities relative to  the am bient gas velocity is 
strongly clum ped.
T he blue-shifted m aps show  that th ere  are four m ajor distinct elongated blue lobes 
pointing to  the  m ap center. T w o straight lines pass th rough the peaks o f  the  four m ajor 
lobes : one lies in a  northeast-sou thw est direction  and the o ther one in a northw est- 
sou theast direction. T he tw o  lines in tersect at a point very close to  the m ap center. T he 
tw o  ou tflow  patterns are seen m ost clearly in F igure I5h  and F igure 15k. T w o  peaks o f  
blueshifted em m ission m arked as B3 and B 4 can be identifled in the  northw estern  part o f  
th e  m ap. T he peaks m arked B1 at position  ( 40, SO ) and B 2 at position ( -30  -60  ) are 
located  at the  edges o f  the  northeast-sou thw est. T he northw est-sou theast axis th reads 
th ro u g h  th e  peaks B3 and B 4 at positions ( -20, 20  ) and ( -40 , 40  ) and peak B5 at 
position  ( 40 , -30  ). Peaks B3 and B 4 ex tend  to  the  northw est direction and probably 
beyond th e  m apped region. W ith increasing velocity, lobe B 2 is resolved into tw o  distinct 
lobes B21 and B 22 ( see Fig. I5 h  ) and the  o th er clum ps becom e m ore and m ore detached  
ft-om each other. Lobe B1 has a  broad  velocity  range persisting th rough  the w hole blue 
velocity  interval. T he lobes m arked B3 and B 4 in F igure I5h only appear at lim ited 
velocity  range from  V lsr= 2 km  s"' to  5 km  s'*. T he length to  w idth ra tio  o f  the peak B1 is
apprexim ately  3 implies th a t the blue em ission flow  is well collim ated. T he tw o  axes d o  
n o t exactly  g o  th rough  any o f  the IR  sou rces but lie within 10" from  them , an offse t 
sm aller than  th e  beam  size.
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T he red-shifted ’^CO em ission appears to  consist o f  tw o  spatial com ponents ( 
hereafter referred to  as R1 and R 2 ). A  com ponent ( R1 ) at position  ( 15, -20  ) is seen 
positionally close to  the  blue-shifted peaks at ( 50 ,-30 ), ( -10 ,-40  ) and ( 0 ,0  ), but its 
peak position exactly  corresponds to  a depression o f  b lue em ission ( see Fig. 15g and 15u 
). It is in teresting to  no te  tha t th e  peak o f  R1 is spatially coincident w ith  the red-shifted 
H H 24A  which represent the  w orking surface o f  the  red-sh ifted  H H 2 4 E  je t ( Fig. 16 ). 
T he second com ponent ( R 2 ), a t position  ( -40 ,-80  ) is e longated  and closely aligned to  
the  axis defined by the  blue lobe B 1, R2 ex tends to  the  sou thw est beyond the m apped 
region. The go o d  alignm ent o f  R 2 and lobe 81  along  the  northeast-sou thw est line 
suggests that they  are th e  b lue and red lobes o f  a single outflow . S SV 63N E  is likely the 
driving source. W e do  not find a  g o o d  candidate fo r th e  red-sh ifted  coun terpart o f  the 
blue gas along th e  N W -SE  direction. W e suspect th a t R 2 m ight be  the red  counterpart, 
how ever its peak  location  is offset fi'om the  N W -SE  axis.
T he em ission near the am bient gas velocity  ( Figs. 15m -p ) show s an em ission peak  
near the position  o f  the  strongest red-shifted  peak  ( R1 ) and a second peak  at the position 
o f  the strongest blue-shifted peak ( 8 1  ). It appears th a t th e  ou tflow s significantly 
contribute to  the  observed  em ission even at the am bient gas velocity.
A m ong the  features observed  in th e  ou tflow  gas, th e  m ost rem arkable is perhaps 
the coincidence o f  th e  lobe 8 1  w ith  th e  optical je t traced  by H H 24G . H H 24G  passes 
exactly th rough  th e  cen ter o f  th e  lobe 8 1 . T his is ev ident in F igure 17 and F igure 18 in
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w hich the m ap o f  the in tegrated  intensity o f  blue-shifted em ission from  2 km  to  5 
km  s '' is overlaid on a C C D  picture o f  th e  [ SII ] em ission observed  by M undt et al ( 
1991 ), H ow ever the axis traced  by peaks B3, B4 and B5 is not well aligned w ith any o f  
th e  optical je ts  but is ro ta ted  by  20 degrees w ith respect to  the  optical je t traced by 
H H 24C  and H H 24E  and is parallel to  the optical je t traced  by several faint knots w ith a 
few  arcsecond distance. T he features will be d iscussed further in Part V.
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Figure 16 M ap o f  the in tegrated  '^CO J=3-2 redshifted  em ission overlaid on an [S II] 
C C D  image observed by M undt ( 1991 ). T he redshifted  em ission in in tegrated  from  12 
km  s '  to  20 km s ' ,  the  low est co n to u r level is 1 K -km  s '  ( l o  =  0 .30  K -km  s‘‘ ) and the 
contour interval is 1 K -km  s '
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F igure 17. M ap o f  the in tegra ted  '^CO J=3-2 blueshifted em ission overlaid on an [SU ] 
C C D  im age observed by M undt ( 1991 ). The blueshifted em ission in integrated from  2 to  
5 km  s ' ,  the  low est co n to u r level is 0 ,55 K -km  s '  ( l o  =  0.30 K -km  s '  ) and the con tou r 
interval is 0 ,30  K -km  s ''.
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Figure 18. M ap o f  the  in tegrated  '^C O  J==3-2 blueshifted  em ission overlaid  on  an [S II] 
C C D  im age observed by M undt ( 1991 ), T he blueshifted em ission in in tegra ted  from  -4  
km  s ' ,  to  8 km  s ' ,  the low est con tou r level is 2 K -km  s'* ( l a  -  0 ,3 0  K -km  s"' ) and the  
co n to u r interval is 2 K -km  s ' .
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IV. Physical Conditions of the Gas
T he tem peratures, density, m ass, m om entum  and kinetic energy are im portant 
physical p roperties  for understanding th e  nature o f  the  m olecular outflow  phenom enon. 
U nder the  assum ption that the iso topic abundance ratio  o f  '^C O /'^ C O  is know n and 
m olecules are  in a local therm odynam ic equilibrium  ( L I E  ) w ith their surroundings, and 
using radiative transport o f  a  line at frequency v  in a plane-parallel cloud and radio 
astrophysics theory , all these param eters can be determ ined by observations o f  ’^CO and 
*^C0 em ission from  at least tw o  ro tational states. In this section, w e describe how  to  
derive these  physical param eters from  th e  spectral line observations.
1. Optical Depth
T he optical depth  o f  can be determ ined from  the intensity ra tio  o f  
'^C O /*^C O  from  the  sam e transition. B ecause the  frequencies for the sam e transition  o f  
and  are very close, w e assum e that the  te lescope has the sam e beam  size and 
efficiency fo r these lines. In our case, these lines a re  '^C O  J= 2 -l and *^C0 J--2-I. W ith 
the  additional assum ptions that b o th  iso topic species have the  sam e excitation tem peratu re  
and th e  iso top ic  abundance ra tion  ( i.e ., X = N t2 /N i3  ) is know n, w e have
r V ( ‘^ c o )  I
- r ' l
l~ ÿ  '
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w here T a  are the antenna tem peratures the T is the optical dep th  o f  C O  J = 2 - l . There
is a limitation on the reliability with this m ethod if  th e  m olecular line source is optically 
thick ( i.e., 1« ) since the  antenna tem peratu res becom es insensitive to  t '^  in this
situation. The ' C O  optical depths is typically 0 .01 -0 .06  ( L ada 1985 ) for m ost outflow s,
indicating that equation  (1 ) provides a reliable w ay  to  determ ine the  optical dep th  fo r m ost 
m olecular outflow s.
F igure 19 presents the ’^C O /' ‘̂ CO intensity  ra tio  as a function  o f  velocity  over the  
entire velocity in w hich C O  em ission w as d e tec ted  at th e  6  selected positions. At the 
line canter, the  '^ C O /'^ C O  ratio  o f  abou t 1.0, w hich indicates tha t the quiescent m olecule 
gas in this region is qu ite  optically thick. A ssum ing X = 60  ( L anger and Penzias, 1990 ), 
the optical dep th  o f  '^C O  inner w ings in th is region is estim ated  to  be  2 < x < 6. T he 
optical depth  is not particularly sensitive to  the  choice o f  X  w hen x ’^=X x’^>2 (  L ada 1985 
). O ur results a re  consistent w ith the results o f  S E 82 tha t show ed I < x < 10 w ith the 
assum ption o f  a terrestrial isotopic ra tio  ( 89  ). A s can  be seen in figure 19, in m ost cases, 
the  '^ C O /' V o  intensity ra tio  increases aw ay from  th e  line center, w hich implies the 
optical depth  decreases w ith increasing velocity. This suggests tha t th e  ^^CO J= 2 -l
optical dep th  in th e  o u ter w ing is less than  1. W e there fo re  assum ed th a t th e  o u ter w ings 



























“I------- 1-------1------ 1------1------ 1------- r — I----- r




T--------1------ 1------1------ 1— "T
4  6 8 10 12 14 16
Velocity
Figure 19, The '^CO/’^CO intensity ratio as a function o f velocity over the entire velocity in which 
"C O  emission was detected at the 6 selected positions. The ' C O /'C O  intensity ratio increase 
away from the line center implies the optical d e ^  are decrease at greater velocity.
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Because o f  insufficient observ ing  tim e, no '^C O  J=3-2 spectra w ere  obtained in 
ou r observations. Therefore w e are unable to  estim ate th e  opacity  o f  C O  J=3-2 directly 
from  observations. Instead w e used  a different m ethod to  estim ate the optical dep th  o f  
'^C O  J=3-2 ( see below  ).
2. Excitation Temperature
a). Inner W ing
The excitation tem peratu re  T^x can  be  estim ated once the  op tical dep th  ( x ) and 
the  beam  filling factor ( / )  are know n, using
7 1  • hv
‘ A - r \ ________V= (2)
7 m b / g . A'r„ _ j
T he optical dep th  for '^C O  J -2 -1  can be estim ated as described above. H ow ever, th e  
beam  filling factor is no t know n a  priori. T he assum ption  o f  a  filling fac to r o f  unity  m ay 
cause an  underestim ated excitation tem p era tu re  and correspond ing  abundance ( see below  
), i f  the actual distribution o f  m olecular ou tflow  is clum py in nature. T o  avo id  the problem  
caused by the  beam  filling facto r, an alternative p rocedure  w ould  be used  to  determ ine th e
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excitation tem perature from  the ratio  o f  the  optical dep th  for the sam e iso tope assum ing 
L T E  ( e.g. Snell e t al. 1984 ),
-h y%2
r 3 \ - e
T2r=<v><T;̂ i------- > • 13)
-  1
w here Tex is the com m on excitation tem peratu re  for the tw o  transitions ( e.g. J=3-2 and 
J= 2 -l ). A nother attractive feature o f  this m ethod, as indicated by L ada ( 1985 ), is that 
the  determ ination o f  Tex is not very  sensitive to  the details o f  absolute instrum ental 
calibration since the individual opacity  estim ates are independent o f  antenna efficiencies. 
H ow ever, Choi e t al. ( 1993 ) pointed ou t that if  th e  ou tflow s are clum py, they m ay have 
unreso lved  m ultiple com ponents w ith  d ifferent optical depths. ( T hough  the  difference o f  
th e  optical dep th  is very difücult to  assess, how ever if  real,) T he presence o f  m ultiple 
com ponen ts m ay cause a serious underestim ate o f  the  excitation tem perature, especially 
w hen the  m ultiple com ponents difference in optical dep th  by a facto r o f  2-3 or m ore.
Considering the uncertainties described above and mainly because o f  the lack o f  
d ata  fo r th e  '^C O  J=3-2 in our observations, equation  (2 ) w as used to  estim ate the  low er 
limit o f  excitation tem peratu re with th e  assum ption th a t the  beam  filling fac to r f^ l  T he 
resu lts o f  average Tex fo r bo th  red and blue w ings are sum m arized in table III. T he 
average Tex and t  w ere calculated by taking a  straight average over inner and o u te r  range, 
separately.
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b). O uter w ing
The fact that ' C O  J= 2-l is no t detectab le In the o u te r w ings indicates tha t the 
optical depths fo r bo th  '^C O  J= 2 -l and '^C O  J=3-2  a re  optical thin. T hus in the  case o f
the o u te r w ings, the excitation tem peratu re  can be  determ ined from  th e  ratio  o f  radiation 




w here the radiation tem peratu re  Tjf = — —
Figure 20a presen ts the  theoretical ratio  o f  T r^ j j /  Tr^jj^ as a function o f  Tex. As 
can  be  seen in th is figure, the ra tio  has an upper limit o f  2,25 w hen Tex-^«, and a  small 
e rro r in th e  ra tio  m ay cause a  big uncertain ty  in Tex at high tem peratu res ( Tex^lOOK, 
corresponding  to  Troz) / T r(2d s i , 9  ), It should be em phasized that equation  (4) can  be 
only used in th e  optically thin situation. F igure 20b show s that, fo r the optically th ick  
em ission lines, the  ra tio  o f  Troz) /  Tr(zd is qu ite  insensitive to  Tex and t .  F o r th e  optically 
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Figure 20 a). The theoretical ratio of Tmaz/Tnoz) vs. T@x TTie ratio has a upper limit o f  2.25 
when T@x-*oo, and a small error in the ratio may cause a big uncertainty in Tex at high 
ten^eratures ( Te%klOOK, corresponding to  Tx(32/T m » ,> l .9 ). b). The ratio o f  TR(32)/TR(21) as 
a function o f Tex and q itical depth t  ( adapted from Choi et al. 1993 ).
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unknow n filling factor. H ow ever, by  assum ing a point-like source located  at the  cen ter 
bo th  beam s ( i.e. f2|/f32=(2/3)^ because (2/3)^ is th e  low er limit to  f2i/f32 ), a low er limit 
to  T r ( 3 2 )/T r(21 ) is estim ated, thus a low er limit to  Tox can be  calculated. A lternatively, by 
assum ing an extended source ( i.e. f2i/f32“ l ), an u pper limit o f  Tex can be  estim ated.
T *
T he main beam  tem peratu re  is defined as T\ib~ — ^— 7  ( i.e th e  radiation
7 m b /
tem peratu re w ithout any correction  fo r the filling factors ). F igure 21 show s the  m ain 
beam  tem peratu re ratio  o f  T,„b(32)/Tmb{32) as  a function  o f  velocity at th e  6 selected 
positions in o u r observations. Table III show s b o th  the  low er and u pper lim its o f  Tex 
calculated  in the  o u ter w ings at th e  6  positions. A s can  be seen in F igure 21, the 
dispersion o f  the intensity ratio  o f  '^C O  J=3-2  and '^C O  J= 2 -l is to o  large to  accurately 
estim ate Tex at each velocity point. T o  reduce th e  statistical uncertain ty , th e  in tegrated  
intensity is used in equation  (4) to  calculate th e  velocity-averaged excitation  tem peratures. 
It can be seen that in m ost cases the  low er limit tem peratu res in the  o u te r w ings a re  in 
go o d  agreem ent w ith th e  results o f  the inner wings. T herefore th e  low er limit 
tem peratu res are used in the follow ing calculations. T he estim ate o f  Tex by Snell and 
E dw ards ( SE82 ) is lOK, w hich is reasonably  close to  our results. T he velocity-averaged  









F i ^ r e  21, T he m ain beam  tem p era tu re  ra tio  o f  T m b(3 2 )/T m b (2 l) as a function o f  
velocity  at th e  6 selected positions.
y
Table III 
Excitation Temperature at the 6 selected Positions
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( (). 0 ) Outer blue 42,38 13,80
Inner blue 4.19 10,41
Inner red 3,93 14,24
Outer red 37,90 13,27
(-40.-70) Outer blue 28.52 11,91
Inner blue 3,48 16.66
Inner red 2,22 13,23
Outer red 30,06 12.17
(40.40) Outer blue 54,87 14,90
Inner blue 3,39 18,36
Inner red 3,38 11,05
Outer red 13,23 8,03
(50.-30) Outer blue 16,37 9,09
Inner blue 3,90 13,74
Inner red 2,64 15,48
Outer red ..... 8,09 5,80
(10,-20) Outer blue 11,90 7,52
Inner blue 4,29 10,11
Inner red 4,21 11.71
Outer red ..... 22,54 10.73
(-10,20) Outer blue 17,40 9,40
Inner blue 5.87 13,74
Inner red 4.31 8 49
Outer red ..... 22,25 10,66
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3. Column Density
The *^C0 column density Ni('^CO) for each channel I in the optically thin limit ( 
the outer wings ) can be determined by assuming that the level populations are in LTE at a 
temperature Tex,
12 2 P  1M( CO) (cm‘̂ ) = 4.64x10'"  ̂ x r/ej2 Ar(km s'') , (5)
where AV is the channel width in km s"'. Tr is the corresponding radiation temperature at 
the channel.
The estimate of '^CO column density Ni('^CO) for each channel i in the inner 
wings based on the optically thin approximation must be corrected for optical depth 
effects. The correction is made by mutiplying equation (5) by a factor t/ ( I - v
3318 ^
NiC^CO) (cm '^) = 4.64X l o '^  e x A K (km  s'' ) r/(I-e  (6)
where x is the mean optical depth of '̂ CO J=3-2 which is calculated by using equation (3) 
under the assumption that the two transitions ( J=2-l and 3=3-2 ) have the same Tex which 
are derived through equation (2).
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By assuming a ratio o f  m olecular hydrogen colum n density to  colum n 
density o f  N (H 2 )/N f'^ C 0 ) % 1 /10^, the total m olecule hydrogen colum n density at each
channel can be estim ated. Since determ inations o f  m ean optical dep th  and excitation 
tem perature w ere made at only 6 positions, w e m ust assum e that the  m ean optical dep th  
and excitation tem perature at the o ther positions are equal to  th o se  at the  closest o f  the  6 
positions. This assum ption is som ew hat arbitrary, because th e  d istribution o f  m olecular 
gas in this region is very complex, H ow ever calculations show  tha t the  colum n densities 
a re  not very sensitive to  the choice o f  Tex ( especially fo r low er ro tational levels ), T he
factor Tex e varies by only a fac to r o f  3 over the range 10-40 K, B ut in the
optically thick wings, an error in optical depth  com bined w ith th o se  in Tex m ay cause a  
larger erro r in N (’^CO). If  the level population o f  m olecules does no t co rrespond  to  local 
therm odynam ic equilibrium, the assum ption o f  L T E  m ay lead a  overestim ate o f  colum n 
density.
4. Mass, Momentum and Kinetic Energy
B ased on ute calculation o f  the  colum n density  o f  H z, Ni (H z), th e  m ass fo r each 
channel velocity interval can be determ ined by
N i(H 2 )xm (H 2 )xA , (7 )
6 0
w here m (H 2) is the m ass o f  a  m olecule hydrogen and A is the projected area subtended 
by em ission in that channel, T he to ta l gas m ass per channel can be obtained by taking into 
accoun t the  fractional helium abundance o f  10% by number.
M rl.4M ;(H 2)  (8 )
T he m ass, m om entum  and kinetic energy at each position w ithin each w ing interval 
( see table IV  ) can  then be determ ined from
M  (9)
/




w here Vo = 10.2 ( km  s ' ' ) is the  velocity  o f  the am bient gas ( see part III ). Summ ing
over all locations, th e  to tal m ass , m om entum  and kinetic energy for the red and blue 
w ings can be determ ined. T he m ass, m om entum  and kinetic energy for each clum p is also 
calculated  by using th e  sam e m ethod. T he calcu lated  values are show n in table III. E rrors 
in th e  m ass estim ates a re  already d iscussed in the  previous parts. Unlike the m ass, the 
m om entum  and kinetic energy are dependent on  th e  orientation o f  the outflow s by factors 
o f  l/sinO andl/sin^O, respectively, since only th e  radial velocity is m easured, w here 6  is the
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angle betw een the flow axis and the plane o f  the sky. B ecause no attem pt has been m ade 
to  account for the projection effects, the m om entum  and kinetic energies a re  low er limits.
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Table IV 
Physical Parameters o f Outflow
V elocity range 
( km  s"' )
M ass
( M o )
M om entum (P) 
( M 0  km  s '' )
K inetic Energy (E^) 
( 10''"' ergs )
T o tal O u ter blue -5 .02 ~ 5.02 0,0435 0 3302 0.2861
T otal Inner blue 5,29 ~ 8.28 1.1015 2,9306 0 9114
T otal Inner red 1 2 .0 8 - 12.62 0.1870 0 .4209 0.0987
T otal O u ter red 1 2 .8 9 -■ 20.22 0 ,0479 0.2227 0.1245
L obe B1 -5.02 - 5.02 0,0067 0.0529 0.0470
5.29 ~ 8.28 0 .1500 0.4349 0.1336
L obe B 3+B 4 -5,02 - 5.02 0,0063 0,0511 0.0464
5.29 - 8,28 0 ,2557 0,7426 0.2297
L obe B 2 -5.02 - 5,02 0.0111 0,0749 0 0 5 9 1
5,29 - 8,28 0.1324 0,3553 0.1000
L obe BS -5 .02  - 5.02 0.0059 0.0462 0.0400
5.29 - 8.28 0,1685 0,5219 0.1790
L obe R1 12.08 - 12,62 0 ,0887 0,2168 0.0560
1 2 ,8 9 - 20,22 0,0195 0,0924 0.0522
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5. Dynamical age, Momentum Flux and Mechanical luminosity
The dynamical tim e scale tdyn fo r th e  form ation  o f  th e  ou tflow  can  b e  estim ated by 
tdyn R ' V , (12)
w here <V > is the  mean velocity o f  th e  gas w eighted  by m ass, <R > is the  m ean physical 
size o f  the outflow  lobe,
The m ean velocity for the  tw o  lobes ( B1 and B 3+B 4 ) can be  determ ined  from  the  
ratio  o f  their to tal m om entum  to  their to ta l m ass. T he resulting  values a re  <V > % 3 ,10 
km  s’* and <V >«3,03 km  s’ ', respectively. T his indicates that the bulk  o f  th e  m ass o f  the 
m olecular outflow s is m oving w ith  a velocity  m uch sm aller than  the  m axim um  observed 
outflow  velocity ( -1 5  km  s’' w ith  respect to  the  am bient gas velocity  at =  10.2
km  s’' ). A com parison o f  velocity in the  H H 24 region w ith  typical b ipolar outflow s 
indicates that th e  m olecular gas studied here  covers a  considerably sm all velocity  range. 
T he m ean physical sizes for the  tw o  lobes a re  crudely  determ ined by m easuring the 
d istance o f  their emission peaks to  the driving sources. T he results a re  g iven in Table V.
Similar to  the m om entum  and kinetic energy, the dynam ical tim e is also dependent 
on the orientation o f  the outflow s. S ince < V >  is th e  m ean radial velocity  and <R > is the 
projected  length, the correction  requ ired  fo r th e  dynam ical tim e is given by a  fac to r o f  tan
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0. T he correction  for the inclination o f  the  outflow  tends to  shorten  the  dynam ical time 
w hen the  0  is less than 45 . C om bining the  estim ate o f  dynamical tim e w ith the  estim ates 
o f  m om entum  and energy in the m olecular ou tflow , the m om entum  flux, F==MV/ tdyn and 
the m echanical lum inosity, Lm=MV^ /2tdyn can be  determ ined. The results are presented 
in T able V.
Table V 
Characteristics o f Outflows
<v> <R> tdyn M om entum (P) Flux Lin
( km  s"' ) ( p c ) (loSr) ( l O ' ^ M o y r * '  k m s ' ) ( l O ' ^ L o )
L o b e B I  3.10 0.15 4.7 1.04 0.32
L obe B 3+B 4 3.03 0.14 4.5 1.76 0,50
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V. Discussion
1. Morphology and General Properties o f  che Outflows
W e have estim ated the  m ass, m om entum , kinetic energy  and th e  dynam ical tim e o f  
the m olecular outflow  using techniques sim*!ar to  th o se  em ployed by Snell et al. ( 1984 ), 
T he results are in go o d  agreem ent w ith typical values found fo r o ther b ipolar outflow s. A 
com parison o f  our results w ith the  values calculated  fo r H H 24  by Snell and E dw ards ( 
SE82 ) show s that those studied here are  ab o u t 3 tim es less in m ass, 4  tim es less in 
m om entum  and one order o f  m agnitude less in k inetic energy. T he discrepancy can be 
well explained by the small size o f  o u r m apping region. T he m apped region is dom inated 
by blueshifted em ission. T he m ass and m om entum  o f  blueshifted  gas are 5 tim es m ore 
than those o f  th e  redshifted gas. T he im balance in m ass betw een  blue and red  com ponents 
is similar to  those  found in S 140 ( Snell e t al. 1984 ) and GL2591 ( M itchell et al. 1992 ). 
A similar bu t red  dom inant im balance is found in sou rces N G C  2024  ( R icher et al. 1989 ), 
H H 46-47 (  C hem in and M asson 1991 ), and W 3 /IR S 5  ( M itchell e t al. 1992 ). T he 
m echanism  responsible for such asym m etric ou tflow s is no t well understood . In  the  case 
o f  N G C 2024, R icher et al. p ropose  th a t th e  un ipo lar appearance m ight be due to  the  
asym m etric environm ent o f  the  star, arguing  th a t th e  need for a  balanced m om entum  
suggests the initially sym m etric flow. In the  case  o f  G L 2591 , blueshifted g as  fa r 
exceeding red-shifted gas in m ass is attribu ted  to  the  lack o f  observations due to  the  
foreground absorption ( M itchell e t al. 1992 ). In  the  case  studied here, the  asym m etry in 
m ass and m om entum  m ay be due to  th e  red-shifted  velocity  being to o  small to  distinguish
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from  am bient m olecular m aterial, or m ay be due to  the  redshifted gas extending far beyond 
the m apped region.
T he m apped reg ion  show s a ra ther com plex m orphology o f  '^C O  emission. O ur 
observations have identified 4 distinct e longated blue lobes aligned in tw o  lines along N E- 
SW  and N W -SE  directions. T he d istribution  o f  the blue-shifred em ission could adm it tw o  
alternative explanations. In th e  first in terp re tation , one  m ight think the  4  b lue lobes are 
no t connected b u t separated  outflow s. This in terpretation  is unattractive because only 3 
IR  sources have been identified around the cen ter o f  th e  4 lobes and it is unlikely that 3 IR 
sources pow er 4  outflow s in 4  directions. A m ore plausible explanation o f  the  observed 
featu re is th a t th e  4 blueshified com ponents belong to  tv /o  ou tflow s w hich blend together 
at the place near the  m ap center. O ne is traced  by B1 and B 2 in N E -SW  direction ( 
hereafrer re ferred  to  as E B L l ). T he o ther one is traced  by B3, B4 and B5 in N W -SE  
direction  ( hereafrer referred  to  as E B L 2 ). As m entioned earlier, one o f  the  tw o  distinct 
red  lobes ( R1 ) may be the  red-shifred coun terpart o f  the lobe B 1 . S ince B1 is spatially 
associated w ith  H H 24G  je t  w hich is pow ered  by S SV 63N E  ( M undt et al 1991 ), w e 
identify SSV 63N E as  the  exciting source o f  E B L l and R1 T w o  possible candidates for 
th e  driving source o f  E B L 2 are  SSV 63 and SSV 63W . B ecause they are spatially very 
close, it is no t possible to  tell w hich is responsible fo r EB L2. W e assum e that one o r  both 
o f  them  could b e  responsible fo r driving th e  ou tflow  EBL2.
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T o  understand actual 6-dim ensional dynam ical s tructu re from  the  observed 3- 
dim ensional phase space is very difficult. It has been suggested by C abrit and B erto u t ( 
1986, 1990 ) and M eyers-R ice and L ada ( 1991 ) that the  orien ta tion  o f  the flow  axis w ith 
respect to  the line o f  sight plays a m ajor ro le  in  the  appearance o f  the  flow. F igure 22, 
taken  from  C abrit and B ertou t ( 1986 ), illustrates th is points. T he elongated structu re  o f  
E B L l and EB L2 suggests that th e  orien ta tions o f  th e  tw o  blue lobes are approxim ately  
sim ilar to  the case 3 ou tflow  class as defined by C abrit and B ertou t ( b o ttom  lefr o f  Fig. 22  
). That is, the  angle o f  inclination o f  th e  ou tflow s in th e  H H 24 region w ith  respect to  th e  
plane o f  th e  sky is very small H ow ever, th e  tw o  ou tflow s do not appear to  be  biconical in 
shape. Instead, they likely have a paraboloidal ( Fig. 23 ) o r  a approxim ate cylindrical 
overall structure. Such an outflow  w ith  a  small inclination w ould  have m ixed red-shifred 
and blue-shifred em ission on  bo th  sides o f  the  cen te r sou rce  and w ould  no t appear as 
b ipolar bu t simply elongated. H ow ever th e  relative w eakness o f  red-shifred em ission in 
th e  ou tflow s in our observation  present a  problem  fo r th is interpretation. A  possible 
explanation is tha t the  velocity  at th e  redshifred gas is to o  small to  distinguish from  th e  
am bient m olecular m aterial, and thus, th e  red-shifred ou tflow  m aterial is m issed, ra ther 
than absent, in o u r observations. A nother possib le explanation  is th a t the  o u tflow  exist in 
a  very  com plex region o f  the star form ation, and  th a t th e  dynam ical s tructu re  o f  th e  












Figure 22. M odels o f a conical bipolar outllow  
w ith a 30' degree opening angle us seen from die 
source. 'Hie outflow  is assum ed to have two 
filled biconical flow lobes w ith the How vectors 
parallel to the How surface. ITie m odels are 
views from four dilTercnt angles ( 5", 3 0 ' ,  50’ , 
and  8 0 ' ). A nearly face-on flow ( top  left ) 
show s poor collimation, while a  flow whose ax is 
lies close to the plan o f the sky appears w ell 
collim ated ( bottom  left ) ( from C abrit and  
Bertout 1986 ).
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Figure 23. A schem atic paraboloidal outflow  model. E ach ou tflow  lobe is described by a 
thin paraboloidal shell ( from  M eyers-R ice and L ada 1 9 9 1 )
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2. Relationship to Optical Jets
The striking evidence for the  correlation  o f  the  '^C O  em ission and the optical jet 
occu rs around the H H 24G  je t  and the  H H 24A  w orking surface as can  be seen in Figure 
17, F igure 18 and F igure 16. T he blue-shifted '^C O  lobe B1 covers the ftill extent o f  the 
optically visible blue-shifted H H 24G  je t w ith  the  H H 24G  passing  th rough its center. The 
spatial coincidence am ong the  red-shifted  C O  peak R l ,  em ission, 2 .12pm  emission
so u rce  ( Zealey et al. 1992 ), and optical em ission the H H 24A  suggests th a t the gas under 
th e  different excitation condition is highly m ixed in this region, w hich has a scale size 
sm aller than the  spatial resolution . A lthough E B L 2 covers the brigh test part o f  optical jet 
H H 24C  and m ost part o f  th e  th ird  optical je t traced  by several faint knots, there are 
significant deviations from  perfect sym m etry in the  alignm ent o f  the  '^C O  em ission ( 
E B L 2 ) and each o f  the  tw o  optical je ts. E B L2 is ro ta ted  a few  degrees w ith respect to  
th e  optical je t H H 24C , w hile EB L2 and the  faint optical je t a re  oriented parallel to  each 
o th er w ith a  significant spatial o ffset o f  a  few  arcseconds betw een their axes. A  similar 
phenom enon w as observed  in  N G C2071 w here th e  shocked  H2 is parallel to  the m olecular 
flow , but offset so tha t it lies along the  southern  edge  o f  th e  flow  ( Lane &  Bally 1986 ). 
B ecause o f  the  offsets, it is n o t clear w hich o f  th e  optical je ts  is related  to  EBL2 o r if  any 
o f  them  is related  at all.
O ne o f  the  key questions to  study th e  relationship o f  m olecular outflow s to  optical 
je t  is; does th e  optical je t  have enough  m om entum  to  d rive the m olecular ou tflow ? M undt
71
et al. ( 1991 ) has show n that m ass loss ra tes in the jet scale roughly w ith Lboi*^ ,̂ w here 
Lboi is the bolom etric luminosity o f  the  source, B ased on the observation  o f  H H 24C , 
M undt found tha t the m ass loss ra te  o f  for H H 24C  is 10 M  o  yr ' I f  th e  correlation
betw een stellar lum inosity and m ass loss ra te  in the je t is applicable to  H H 24G  and its 
driving source SSV 63N E , w e can  get the  m ass loss ra te  fo r H H 24G  je t  under the  
assum ption that SSV 63N E  has the  sam e lum inosity a s  SSV 63. I f  w e use  300 km  s '' as a  
characteristic je t velocity, the  m om entum  flux carried by the optical je t is 3x10 '^  M  o  yr 
km  s ''.  This is tw o  o rders o f  m agnitude smaller th an  the  value o f  1.04x10"^ M  o  yr ' km
s '' calculated for the C O  outflow  and is incapable o f  driving the  m olecular outflow . If, 
how ever, the  optical je t is only partially ionized, the  m om entum  flux fo r th e  optical je t will 
increase to  10"^ M  o  yr ' km  s '' by  using a  correction  for an  ion ization  o f  10%  ( R ag a
1991 ), T he result is still to o  small. H o w e v e r , as stressed by R aga ( 1991, 1993 ), th e  
determ ination  o f  m om entum  ra te  fo r optical je t is strongly m odel-dependent. A  different 
consideration based on no  correction  fo r com pression at a  shock could  yield estim ates fo r 
th e  m ass loss ra te  one to  th ree o rders m agnitude larger than  those  given by M undt et al. 
1987 ( R aga 1991 ). In this case, the m ass loss ra te  for the je t is very  c lose to  th e  values 




O ur new  high angular reso lu tion  observations reveal a com plex m orphology and 
kinem atics o f  C O  m olecular em ission associa ted  w ith H H 24 complex. O ur interpretation 
o f  these d a ta  is that the  bulk o f  blueshifted gas arise in tw o  outflow s. The scarcity o f  
redshifted  coun terpart o f  the  flow s rem ains a Amdamental problem  that needs to  be 
addressed  in fu tu re observations. In th e  northeast o f  the m ap the CO  blueshifted flow  
aligns well w ith  the H H 24G  blue jet. N ear th e  m ap cen ter redshifted C O  is coincident 
w ith  the  shocked  H 2 source and the  H H 24A . T he spatial coincidence indicate CO  
ou tflow s and th e  op tical outflow  m ay b e  physically associated phenom ena. The 
m om entum  flux in th e  C O  ou tflow  is abou t one order o f  m agnitude larger than that 
derived from  the  optical je t after applying correc tions for the partial ionization and this 
suggests th a t the  ionized je t m ight be  incapable o f  driving the m olecular outflow  in this 
case. H ow ever, due to  th e  uncertain ties in determ ination o f  m om entum  flux fo r both  
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